ABSTRACT
hypothesis was discovered. By introducing an order parameter called the wave-index, we characterised the 56 locomotory waves and showed that gait patterns are associated with control of stride rather than rotation 57 frequency. Finally, we discussed the adaptive locomotion of invertebrate crawlers.
58

II. ORGANISMS AND METHODS
59
A. Animals
60
The experiments were performed using centipedes (Scolopendromorpha scolopocryptops rubiginosus L.
61
Koch) (n = 16; body length= 46.4±6.8 mm, weight= 0.28±0.04 g (mean ± std); all were putative adults) 62 collected in Hakodate, Japan. These centipedes have 23 paired legs, and each leg is referred to by a number 63 as shown in Fig. 1a . The foremost and hindmost leg pairs are not walking legs; they are used for feeding 64 and stabilisation during locomotion, respectively. Eighteen pairs of walking legs (the 3rd through the 20th) 65 were analysed in this paper. Three pairs near the edges (pairs 2, 21, and 22) were excluded because their 
Walking and running on a flat surface experiment
74
In the walking or running on a flat surface experiments, the animals crawled in lanes on a plastic tray. Wet 75 paper (Nippon Paper Crecia, Kimwipe s-200) or sandpaper was used to change the floor surface condition.
76
Lightly tapping the tail of the centipede induced high-speed movement (< 120 mm/s), while non-stimulated 77 centipedes performed exploratory crawling at relatively low speeds (< 30 mm/s). 
Swimming experiment
79
In the swimming experiments, a pool about 20 mm deep was prepared and the animals were gently 80 placed on the surface of the water. Three pools each filled with pure water, 1.5w/v% and 2.0w/v% car-81 boxymethylcellulose (CMC) solutions were prepared. In the slippery slope experiments, a narrow plastic tray (13 mm) with high walls (60 mm) was tilted at a 84 desired angle (0-30 • ).
85
C. Measurements
86
Images were taken with a digital camera (EX-F1, Casio) at 300 frames per second. Animal movements 87 were recorded from above or from the side. Videos taken from above were primarily used for analysis; 88 those from the side were for supplementary use. 
99
To quantify each leg's movement relative to the body and other legs, several characteristics were esti-100 mated as follows: 
Swing angle and cycle phase
102
The positions of the base and a point between the middle and tip of each leg were tracked. The swing 103 angle of the leg was determined as the angle between a line through the base and the leg midpoint and a 104 line through the bases of the legs on either side (see Fig. 1b ). The cycle phase of the nth leg's movement 105 relative to the body (θ n ∈ [−π, π]) was determined from the displacement of the swing angle (γ n ) from its 106 average over time (γ n ) ∆γ n = γ n −γ n and its time derivative ∆γ n =γ n (Fig. 1c) After obtaining the time series of the phase of the nth leg ({θ n (t)}), the ith cycle of the leg movement 109 was determined as the duration from t s (i) to t e (i), where t s (i) and t e (i) are consecutive times that satisfy 110 the following conditions: θ n (t s (i)) = θ n (t e (i)) = 0 and θ n (t) ̸ = 0 for ∀t ∈ (t s (i), t e (i)), and ∃t * ∈ 111 (t s (i), t e (i)) such that θ n (t * ) > π/4. The last condition was adopted to exclude the duration of tentative 112 motions before the retraction.
113
The ith cycle was divided into a retraction period
where t m (i) ∈ (t s (i), t e (i)) is the earliest time at which the phase becomes π. The period of the cycle 115 (the pace duration) (T n (t s (i))) and the retraction period (T Rn (t m (i ))) were estimated as
, which is the 117 ratio of the retracting period over a cycle, was estimated as T Rn (t m (i ))/T n (t s (i )) (Fig. 1e) . Finally,
118
the time series for the periods T n (t), T Rn (t), and D n (t) were reconstructed by linear interpolation of
, and D n (t m (i)), respectively, along the time axis. The rotation frequency ω n was 120 estimated as the multiplicative inverse of the pace duration T n .
121
In this paper, for each set of time series, {Z n (t)} n , where Z n = T n , T Rn , D n , or ω n , the leg-averaged 122 time series is denoted by Z(t). 
Phase relationship between adjacent legs, local and global waves, and the wave-index
124
The phase relationship between adjacent legs was defined in a standard way. If θ n (t) − θ n+1 (t) < π (or 125 > π) (mod 2π), the phase of the nth leg is ahead of or behind the phase of the n + 1th leg at t, and the two (Fig. 1e-g ).
135
During forward locomotion, in particular, antero-posterior and postero-anterior waves were retrograde and 136 direct waves, respectively. In this paper, we only investigated forward locomotion or swimming. Therefore,
137
we rephrased the terms antero-posterior and postero-anterior as retrograde and direct, respectively, in this 138 paper.
139
To characterise the mean phase relationship of legs along the body axis, we introduce the wave-index.
140
The wave-index at time t, I w (t) ∈ [0, 1], was defined as the proportion of the number of legs in a postero- 
Dominant (absolute) wavenumber and mean (signed) wavenumber
144
To robustly estimate the instantaneous wavelength of a phase wave along the body axis, we calculated the 145 mean wavelength from local waves that persist over more than one wavelength (more exactly, 2π in terms 146 of the phase). The dominant instantaneous wavelength, λ d , was estimated as the mean value of the instan-147 taneous wavelengths during a mean period of leg movement cycling (Fig. 1e-g ). The dominant (absolute) 
(t) = ℓ(t − T (t)/2, t + T (t)/2). The locomotion speed at time t, V (t), was estimated
by L(t)/T (t).
In the slippery-slope condition, we set the x-axis in the slope direction and estimated the 161 span, stride, and velocity in that direction as
In Section III C, the putative leg-tip position of the nth leg, X n (t), along the body axis was estimated as 165 b n + r n cos(θ n (t)) (n = 3, . . . , 18), where b n is the coordinate of the base of the nth leg along the body axis 166 and r n is the length of the nth leg. For simplicity, each b n was assumed constant throughout the locomotion.
167
When leg data were partially unobtainable, the characteristics were estimated from the other legs in Figs. observed. In contrast, the leg-density waves of a millipede were direct waves that propagated in the same 181 direction as the motion (Fig. 2b ). In the direct waves, the correspondence between wave phases and the 182 stroke period was opposite to that in the retrograde case; that is, the sparse part of the wave consisted of We used a water pool to observe crawling under different conditions from the flat solid substrate. After 187 the animal was gently placed on the water, it proceeded to swim over the water after a brief struggle.
188 Surprisingly, direct waves with large body undulations appeared during swimming (Fig. 2c) . In this case, 189 the dense parts of waves consisted of legs moving over the water surface performing the recovery stroke, and 190 the sparse parts consisted of legs moving beneath the water surface performing the power stroke (Fig. 2d) . each other, which makes it difficult to find the wavefronts, the intervals of adjacent bases were plotted wider 222 8 than the actual intervals in Fig. 4(a) by shifting the origins of X n downwards by 2n + const for each nth 223 leg.
224
In agreement with the phase plot in Fig. 3(a) , direct waves were dominant in the anterior part of the cen-225 tipede, while retrograde waves were found in the early and late stages in the posterior part of the centipede.
226
Gait transition took place at the junction points of these two types of wavefronts. The waveforms of the leg-227 tip positions showed irregular patterns near the junction points. For example, the distance between adjacent 228 legs was small at some of the junction points. Also, the waveform was split to have two peaks per cycle.
229
The tip positions of two adjacent legs X n and X n+1 along with their phase difference ∆θ n = θ n − θ n+1 230 were plotted in Fig. 4(b) for the pairs n = 6, 12, and 16, which represent legs in the anterior, middle, and 231 posterior part of the centipede, respectively. The legs are considered to be crossed when X n < X n+1 , and In the anterior part of the centipede (n = 6), the legs rarely crossed and were part of the direct waves for Over the entire experiment, the velocity variations were provided by variations in the span and the duty 270 factor, while variations in the rotation frequency were very small.
271
E. Switching surface condition: Transition from wet paper to plastic surface
272
To observe the influence of a sudden change in surface conditions, we covered half of the lane on the 273 plastic plate with thin, wet paper. Figure 3c shows the time course of the gait transition that occurred at 274 the surface condition boundary. We first induced a dash with a direct wave by tapping the centipede's tail.
275
When it approached the boundary and its antenna touched the plastic surface (t ≈ 0.5 s), it rapidly slowed 276 down for a short time, then started crawling at a slower speed (t ≈ 0.75 s). After several anterior legs (pairs had passed the wet-paper surface, the source leg again gradually shifted posteriorly (I w = 0.4 ↗ 0.6).
283
When the centipede was on the wet paper, the phase difference between opposite legs was near π, which 284 was observed in the swimming and dashing-to-slowdown conditions. However, after it moved onto the 285 plastic surface, the phase differences were diminished in the legs that created local retrograde waves. It 286 should be noted that the minimal phase difference during walking on the uniform surface was around π/4. 
H. Common features in gait transitions in various situations
298
The gait pattern was estimated by the wave-index I w , which is a discretised negatively correlated phase-299 order version of the mean wavenumber κ m (Fig. 5b) . Figure 5a shows the gait pattern dependencies of the 300 standard speed-control-related characteristics (rotation frequency, stride, span, and duty factor) across the 301 five experimental conditions. The rotation frequencies were nearly constant, so the wave-index seemed to 302 be independent of the rotation frequency. However, the stride had a clear positive correlation with the wave-303 index. In the small wave-index, the duty factor mainly contributed to this stride lengthening. In the middle 304 and large wave-index, both the span and duty factor contributed to the stride lengthening. The dominant 305 wavenumber was also negatively correlated with the wave-index (Fig. 5c ). Fig. 5d shows the gait pattern 306 dependency of the averaged dominant wavenumbers restricted in the local retrograde waves and local direct 307 waves over the five conditions. In the middle and large wave-index, the decreased wavenumber in the local The gait transitions from retrograde to direct locomotory waves were accompanied by stride increases 314 that were provided by decreased duty factor over the entire wave-index, a constant span in the small wave-315 index, and increased span in the middle and large wave-index (Fig. 5b) . The rotation frequency was 316 independent of the gait transition. Moreover, the transitions were often preceded by the interference between 317 successive legs (Fig. 4) . To understand kinematic compatibility of these observations, it is convenient to 318 consider a simple model where successive legs are treated as two identical rigid rods, and each rod swings 319 around the perpendicular position (Fig. 6a) . In this simple model, leg configurations are specified by a pair 320 of angles (γ n , γ n+1 ). The trajectories corresponding to local retrograde waves and local direct waves are 321 depicted by the counter-clockwise and clockwise closed quadrilaterals, respectively (Fig. 6b,c) . Crossing smaller R gives the larger area of crossing region. In the S. rubiginosus, R was 0.47 ± 0.06 (mean± sd; 327 n=3). In the retrograde gait, as shown by the broken line in Fig. 6b , the decreased duty factor causes the 328 trajectory to approach the leg-crossing region under the constant span condition.
329
One of the most remarkable differences between the retrograde waves and direct waves is in timing 330 when the distance between the leg-tips of successive legs become smallest [9] . Because the dense part 331 in the retrograde waves appears during the retraction period, the centipede may stumble if the trajectory 332 intersects the leg-crossing region. This may give a strong motivator for the centipede to reverse the phase 333 relationship between the legs. The grey dotted-line in Fig.6b shows a schematic route of the local wave 334 transition from retrograde to direct observed in SectionIII C (Fig.4) where by the back leg staying at a 335 certain small angle for almost one complete cycle, the phase relationship between the successive legs is 336 inverted. In contrast, the dense part in the direct waves appears during the protraction period. Therefore, The body-size dependency of the gait pattern is an interesting problem. Although we examined only 345 putative adult centipedes, it seemed that the smaller centipedes tended to use direct waves more than the 346 larger ones. A comprehensive study of this phenomenon will be left for future studies. Koch, except when it was swimming, the lateral undulation was not conspicuous, which is compatible with 356 a previous study of other Cryptops [18] . We roughly estimated the ratio R from the photo of S. cingulata in
357
[18]. Interestingly, the R is 0.58±0.04 (mean±sd; n=1) which is larger than that of S. rubiginosus. Further 358 investigation of this comparative aspect will be left for future studies. remipede, which uses direct waves as its swimming gait [20] . In contrast, another report [21] showed that 372 some centipedes without appendages (e.g., Scolopendra cataracta) swim in an eel-like way using vigor-373 ous horizontal undulation waves that propagate antero-posteriorly. Further investigation of such differences 374 among centipedes using water crawling patterns is left as future work.
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The authors declare no competing interests. (Fig. 7a) . Specifically, the nth leg-tip position was prescribed to be (x n , y n ) = ((N − n) 1, 2, ..., N ) , where all legs are straight rigid rods with the same length, ℓ, and 432 the distance between pivots of successive legs, d, was constant. (Fig. 7b) . Then, the necessary condition for the leg crossing point P 3 was x 3 = d(tan γ 1 + 436 tan γ 2 )/2(tan γ 1 − tan γ 2 ). The touching of a leg-tip to another leg occurs when the 2nd leg-tip touches the 437 1st leg and vice versa, which satisfies the conditions |P 2 P 3 | = ℓ and |P 1 P 3 | = ℓ, respectively. From a sim-438 ple calculation under R = d/ℓ, the first case occurs when x 2 > 0 and tan(γ 1 ) = f 1 (γ 2 , R) = sin γ 2 cos γ 2 − R .
439
The second case occurs when x 1 < 0 and tan(γ 2 ) = f 2 (γ 1 , R) = sin γ 1 cos γ 1 − R .
440
The graphs of f 1 and f 2 in the (γ 1 , γ 2 )-plane are concave curves that meet on the γ 2 + γ 1 = 180 line.
441
The curves are called the touching curves. The graphs of touching curves for R = 3/4, 2/3, 1/2, 1/3 are 18
